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Ultrasound detection is one of the most important nondestructive subsurface characterization
tools of materials, whose goal is to laterally resolve the subsurface structure with nanometer or
even atomic resolution. In recent years, graphene resonators attracted attention as loudspeaker and
ultrasound radio, showing its potential to realize communication systems with air-carried ultra-
sound. Here we show a graphene resonator that detects ultrasound vibrations propagating through
the substrate on which it was fabricated. We achieve ultimately a resolution of ≈ 7 pm/√Hz in
ultrasound amplitude at frequencies up to 100 MHz. Thanks to an extremely high nonlinearity
in the mechanical restoring force, the resonance frequency itself can also be used for ultrasound
detection. We observe a shift of 120 kHz at a resonance frequency of 65 MHz for an induced
vibration amplitude of 100 pm with a resolution of 25 pm. Remarkably, the nonlinearity also
explains the generally observed asymmetry in the resonance frequency tuning of the resonator
when pulled upon with an electrostatic gate. This work puts forward a sensor design that fits onto
an atomic force microscope cantilever and therefore promises direct ultrasound detection at the
nanoscale for nondestructive subsurface characterization.
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The discovery of graphene1 gave access to a new
class of resonators that led to ultra-sensitive mass2,
charge3,4, motion5, and force sensors6, due to their high
stiffness7, low mass density8,9, and low dissipation at low
temperatures10. The unique electromechanical coupling
in graphene allows for elegant electrical read-out of its
resonator properties9,11,12, which is preferred for the in-
tegration into electronic circuits. This in combination
with a typical resonance frequency in the order of tens
of MHz makes graphene an interesting material for ul-
trasound microphones and radios13–15, and thus for ul-
trasound communication systems with air-carried ultra-
sound. However, for applications such as nondestruc-
tive material testing and medical imaging16,17, the ul-
trasound propagates through a solid medium and is de-
tected at a surface. The ultrasound detectors in these
applications suffer from the diffraction limit17,18, which
prevents their application down to the nanoscale. Yet,
it is the nanoscale that gets increasingly important due
to the ever ongoing miniaturization of electrical and me-
chanical components. This problem was partly overcome
by introducing ultrasound detection into an atomic force
microscope (AFM)19–22, which allowed the nondestruc-
tive visualization of buried nanostructures23–30. As the
resonance frequency of AFM cantilevers is much smaller
than the typical MHz frequency of the ultrasound, the ul-
trasound detection relies on large ultrasound amplitudes
(∼ 0.1 to ∼ 1 nm) and the nonlinear interaction between
the cantilever-tip and the sample to obtain a signal at a
measurable frequency. This makes quantitative measure-
ments tedious as a detailed understanding of the non-
linear interaction31–33, the resonance frequencies of the
cantilever34, and the indirect ultrasound pick up35–39 is
required. Consequently, nondestructive material testing
and medical imaging with an AFM would greatly benefit
from a direct (linear) detection scheme for the ultrasound
vibration of the sample. Graphene resonators seem ideal
candidates, as their typical dimensions allow for the in-
tegration into standard AFM cantilevers and they have
been shown to detect air-carried ultrasound.
Here we show graphene resonators that detect ultra-
sound vibrations introduced through the substrate. We
compare the response of the graphene resonators to ultra-
sound in a purely mechanical actuation scheme with that
of the standard capacitive actuation (Figure 1). The vi-
bration amplitude is measured in both actuation schemes
with an amplitude modulated down-mixing technique9.
We show that both the vibration amplitude away from
the resonance frequency of the graphene and the reso-
nance frequency itself can be used for ultrasound detec-
tion with a resolution of 20-25 pm. Interestingly, the
nonlinearity underlying the ultrasound detection at the
resonance frequency also explains the generally observed
asymmetric tuning of it when pulling on the resonator
with an electrostatic gate.
We fabricated graphene resonators on a standard
Si/SiO2(285 nm) substrate by mechanically exfoliating
graphene and using electron beam lithography to pat-
tern the electrical contacts. The contacts consist of 5 nm
Cr and 120 nm Au and also serve as clamps for the
graphene resonator. Finally, the graphene membrane is
suspended by etching the SiO2 away in a 1% hydroflu-
oric acid solution followed by a critical point dryer step
to prevent the graphene membrane from collapsing due
to capillary forces. Using this method, we fabricated in
total five devices (see Supporting Discussion 1). Devices
D1-D4 consist of suspended graphene membranes while
device D5 is based on a suspended hexagonal boron ni-
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FIG. 1. (a) Illustration of a graphene-based ultrasound de-
tector and (b) a false-color scanning electron microscope im-
age of a fabricated graphene resonator. The ultrasound prop-
agates through the substrate to the gold contacts (dark yel-
low) and actuates the graphene resonator (light gray) which
generates an electrical signal. (c) The detection circuit mea-
sures the resonance frequencies of the graphene resonator by
the amplitude modulated down-mixing technique (see text).
The resistances R0 = 50 Ω and capacitances C0 = 100 nF are
for impedance matching and reducing the noise on the input
of the IV-converter.
tride (hBN)/graphene heterostructure. In the following,
we mainly focus on device D1. From the scanning elec-
tron microscope image (SEM) in Figure 1b, we extract a
width W of 2.2 µm and a distance L between the clamps
of 1.6 µm. Further optical, SEM, and AFM character-
ization is found in Figure S1a-c. The SiO2 is 140 nm
underneath the graphene membrane, which results in a
parallel plate capacitance Cg for the back gate of 0.18 fF.
Note that the contacts are under etched over the same
distance. The capacitance Cg allows us to extract (a
lower bound of) the room temperature carrier mobility
of 1.500 cm2/Vs for holes and 1.000 cm2/Vs for electrons
from the conductance G and transconductance ∂G/∂Vg
tuning with gate potential Vg (see Figure S1d-e). Raman
spectroscopy measurements showed no D-peak and a nar-
row 2D-peak (∼ 25 cm-1), hence indicating good quality
of the graphene resonator (see Figure S1f-g). The average
pre-strain in this resonator is 0.24% (see Figure S1h).
In addition to the standard capacitive actuation of
the resonator with a potential V acg on the gate, we use
a piezoelectric element with a resonance frequency of
4.5 MHz (Figure S2 and Ref. 1) to mechanically shake the
substrate and thus introduce ultrasound to the graphene
resonator. The piezoelectric element is electrically iso-
lated from the gate and is actuated with a voltage V acp .
The actuation frequency ω/2pi is swept around the me-
chanical resonance frequency of the suspended graphene
membrane. In both cases, a small modulation potential
Vsd = 10 mV at frequency ω/2pi±∆ω/2pi is applied across
the graphene membrane to generate a current I∆ω at fre-
quency ∆ω/2pi, which is amplified with an IV-converter
and measured with an UHF lock-in amplifier from Zu¨rich
Instruments (Figure 1c). We tune V acg and V
ac
p such that
we have approximately the same I∆ω in both actuation
schemes. Note that all experiments were performed in a
vacuum of 10−5 mbar at room temperature.
Figures 2a and 2b show the measured current I∆ω as a
function of ω/2pi and Vg for the standard capacitive actu-
ation and the purely mechanical actuation. We observe
in both actuation schemes the resonance frequencies as
dips and peaks in I∆ω at approximately the same posi-
tions (compare the two traces in Figure 2c).
The current I∆ω is described by
9:
I∆ω = Vds
∂G
∂Vg
(
V acg + (Vg − Vcnp)
∂zCg
Cg
δz
)
, (1)
in which δz is the displacement of the graphene mem-
brane that also includes the time-dependent displace-
ment of the contacts, and Vcnp is the charge neutrality
potential of the graphene membrane. The capacitance
Cg and ∂zCg are given by the zeroth and the first order
term in δz of a series expansion of the parallel plate ap-
proximation such that Cg/∂zCg = 175 nm (for δz = 0).
Note that I∆ω should be zero when ∂G/∂Vg is zero. The
fact that I∆ω does not truly become zero (Figure 2a-b)
indicates the presence of a very small electrical cross-talk
in our setup. This generates an offset current, which is
independent of Vg and is subtracted before fitting I∆ω
with Eq. 1. Far away from the mechanical resonance of
the graphene membrane, δz reduces to the vibration am-
plitude δzc of the contacts. To extract δzc, we assume
that δzc does not depend on Vg [9]. This leaves δz = δzc
and an effective V acg as fitting parameters in Eq. 1 as
∂G/∂Vg and Vcnp are measured independently and the
potentials Vg and Vds are fixed in the experiment. The
current I∆ω is thus split into an even part in (Vg − Vcnp)
that is proportional to (∂G/∂Vg)(Vg − Vcnp) and an odd
part that is proportional to (∂G/∂Vg). The former is
characterized by δz = δzc and the latter by an effective
V acg .
In case of the purely mechanical actuation far away
from the resonance frequencies of the graphene, we find
a δzc of 30 and 65 pm at 66 MHz and 84 MHz (Figure 2d).
The effective V acg is well below 0.5% of the set V
ac
p even
when V acp = 1.5 V (see Table S1). This confirms the good
electrical isolation of the piezoelectric element from the
gate. Note that the phase between the offset current and
δz = δzc shifts by 180 degrees when increasing ω/2pi from
below to above the mechanical resonance frequency of
the graphene membrane. Consequently, I∆ω is larger at
66 MHz than at 75 MHz for Vg = −5 V whereas this is op-
posite at Vg = 5 V. The apparent even behavior of I∆ω in
(Vg−Vcnp) (Figure 2d) confirms the dominantly mechan-
ical origin of I∆ω. The functional form of I∆ω remains
the same over the full measured frequency range, even
when crossing a mechanical resonance of the graphene
(see Figure S3). In addition, the drive amplitudes of the
mechanical resonance frequencies of the graphene are one
order of magnitude too small to account for the observed
δzc (see below). This suggests that factors such as the
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FIG. 2. Unprocessed down-mixing current I∆ω as a function of actuation frequency and applied gate potential Vg in case
of (a) the standard capacitive actuation Icap∆ω and (b) the purely mechanical actuation scheme I
mec
∆ω . The line traces in (c)
show I∆ω at a gate potential of Vg = 5 V for the standard capacitive actuation (blue) and the purely mechanical actuation
(red) scheme. Note that the position of the resonance frequency of the graphene resonator is approximately the same in both
actuation schemes. By analyzing I∆ω as a function of Vg far away from the resonance frequency of the graphene resonator, we
observe a background current. In the purely mechanical actuation scheme (d), this current allows us to quantify the ultrasound
vibration of the contacts (see text). This contribution is completely covered by a background current in the standard capacitive
actuation scheme (e). The black lines in (d) and (e) correspond to the fit of I∆ω to Eq. 1 including the confidence interval due
to the uncertainty in the transconductance (see Figure S1).
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FIG. 3. (a) I∆ω for increasing drive amplitudes from bottom to top with the corresponding fit to a nonzero phase Lorentzian
(green). The curves are offset with 0.15 nA for clarity. (b) The vibration amplitude δzc as a function of the drive voltage V
ac
p
on the piezoelectric element used for the mechanical actuation. The curves are offset by 0.1 nm for clarity. (c) The resonance
frequency linearly shifts to higher frequencies scaling with the vibration amplitude squared. The slopes of these curves define
the nonlinearity γeff (d). Within error bars, the nonlinearity does not depend on the applied Vg.
clamping, membrane size, and ultrasound wavelength are
important for unravelling the exact relation between the
measured δzc and the impinging one, i.e. vibration am-
plitude of the piezoelectric element. For devices D2-D5
(see Figures S4-S7 for data similar to Figure 2), we found
a similar response to the ultrasound as the one presented
here. The graphene resonators thus detect ultrasound
vibrations in a frequency range that covers at least two
orders of magnitude: from 1 MHz to 100 MHz. In case
of the capacitive actuation, the nonzero V acg results in a
large background current that covers the signal coming
from the vibrating contacts. This results in an upper
bound for the vibration amplitude δz = δzc of ∼ 40 pm
at 66 and 84 MHz (Figure 2e).
Let us next consider the vibration amplitude at the
resonance frequency of the graphene membrane. If the
graphene membrane is pulled down by the static gate po-
tential Vg, the inversion symmetry is broken. The tension
in the graphene gets reduced when moving the membrane
away from the gate, whereas the tension is increased
when the membrane is moved towards the gate. This
symmetry breaking is described by the nonlinear restor-
4ing force mβz2. In addition to this term, we take into ac-
count the well-known Duffing nonlinearity mγz3. Here, β
and γ are constants quantifying the strength of the sym-
metry breaking effect and the Duffing nonlinearity in the
equation of motion (mz¨2+mΓz˙+kz+mβz2+mγz3 = Fd,
where Γ is the linewidth quantifying the damping and Fd
is the effective driving force). The nonlinear terms con-
taining β and γ lead to a vibration amplitude dependent
frequency shift41:
∆ω0 =
3
8
γeff
ω0
δz2, (2)
in which ∆ω0/2pi is the shift in resonance frequency
ω0/2pi and γeff = γ − 10β2/(9ω20).
To quantify γeff , we measured the resonance frequency
as a function of vibration amplitude δz at a fixed gate po-
tential Vg by varying the ultrasound drive potential V
ac
p
(Figure 3a-b). The resonance frequency is extracted by
fitting the current I∆ω with a nonzero phase Lorentzian:
I∆ω =
Aω20 cos
(
ω2−ω20
ωω0/Q
+ θ
)
√
(ω2 − ω20)2 + (ωω0/Q)2
, (3)
in which A = Fd/m is the effective drive amplitude, θ is
the non-zero phase, and Q = ω0/Γ its quality factor. The
vibration amplitude at resonance is given by the current
AQ, which we translate into δz using the transconduc-
tance and the measurement parameters in Eq. 1.
The linear dependence of the resonance frequency
ω0/2pi with δz
2 shown in Figure 3c is in agreement with
Eq. 2. We find that γeff = 18.000 ± 5.000 MHz2/nm2
(Figure 3d). The nonlinearity γeff is positive and thus
the resonance frequency increases with increasing vibra-
tion amplitude. We conclude that the Duffing nonlinear-
ity γ dominates over β. According to literature, this is
consistent with the relatively large pre-strain (∼ 0.24%)
in the graphene resonator10,42.
The effective drive amplitude A determined from the
I∆ω maps in Figure 2a-b is approximately the same for
both actuation schemes (Figure 4a). Surprisingly, the
linewidth Γ depicted in Figure 4b is significantly lower in
the case of mechanical actuation. The tuning of the in-
verse linewidth 2pi/Γ with Vg is in both actuation schemes
well captured by Joule heating12:
2pi
Γ
=
2pi
Γ0
− αV
2
g
1 + η |Vg − Vcnp| , (4)
in which η parameterizes the change in conductance of
the graphene with applied Vg and Vcnp = −1.3 V (Fig-
ure S1d), α describes the change in inverse linewidth, and
Γ0 is the linewidth at Vg = 0. We extract η = 0.025 V
-1
from the conductance in Figure S1. The fit to Eq. 4 gives
for both actuation schemes an α of 0.014 ± 0.001 s/V2.
In contrast, there is a significant difference in Γ0: the
capacitive actuation scheme gives Γ0/2pi = 528± 56 kHz
whereas Γ0/2pi = 587 ± 61 kHz in the mechanical actu-
ation scheme. We attribute this difference to the larger
contact vibration amplitude in the purely mechanical ac-
tuation scheme (see above), as predicted by theoretical
work43,44.
Due to the difference in quality factors Q, the ampli-
tude at the resonance frequency significantly differs. We
find that the graphene membrane vibrates with ampli-
tudes up to 0.8 nm (Figure 4c). Interestingly, the vi-
bration amplitude is not symmetric in |Vg|. This is due
to the transconductance ∂G/∂Vg, which is symmetric in
|Vg − Vcnp| (Figure S1), and the quality factor, which
is roughly symmetric in |Vg|. In combination with the
nonlinearity γeff, this leads to an apparent asymmetric
dependence of the extracted resonance frequency in |Vg|
(Figure 4d), whereas the electrostatic force dictates a
symmetric behavior as it depends on V 2g .
The measured resonance frequencies in combination
with the measured vibration amplitudes gives us yet an-
other way of determining the nonlinearity γeff. We ex-
tract the nonlinearity γeff by demanding a symmetric
behavior of the resonance frequencies in Vg after sub-
tracting the effect of the vibration amplitude, which re-
sults in γeff = 14.800 ± 2.300 MHz2/nm2 (inset Fig-
ure 4d). This value for γeff is in agreement with the γeff =
18.000 ± 5.000 MHz2/nm2 extracted from the measure-
ment in which the drive amplitude was varied (Figure 3).
Therefore, we conclude that the nonlinearity γeff in com-
bination with the vibration amplitude of the graphene
resonator explains the generally observed asymmetry in
the resonance frequency tuning with Vg
2,4,6,8–12,42.
We can also make use of the nonlinearity γeff for ul-
trasound detection. The nonlinearity is so strong that
even a small vibration amplitude of 100 pm shifts the
resonance frequency by 120 kHz. This suggest that af-
ter calibrating the nonlinearity, one can measure the ul-
trasound impinging on the resonator by monitoring its
resonance frequency. In our measurements, we have an
average measurement error of 29 kHz on the extracted
resonance frequency, which translates into a detection
resolution in ultrasound amplitude of 25 pm, making this
method promising for ultrasound detection.
To gain insight into the achievable reso-
lution, we examine the detection sensitivity
S−1δz = Vds
∂G
∂Vg
(Vg − Vcnp) ∂zCgCg to measure δz. Note that
Sδz is completely determined by the electrical properties
of the graphene sheet and its distance to the gate as
well as the experimentally set Vds and Vg. This quantity
is thus independent of the mechanical response of the
graphene sheet. Consequently, the detection sensitivity
is optimized by maximizing ∂G∂Vg and Vg − Vcnp. There-
fore, the resolution, which is Sδz multiplied by the noise
in I∆ω ≈ 50 − 120 pA (see Figure 1c-e), should be
best for the sample with the highest mobility. Figure 5
summarizes the experimentally extracted resolution as a
function of mobility for all measured devices. For each
device, we extracted the resolution at Vg−Vcnp = ±5 V.
The dashed gray line indicates that the resolution is
inversely proportional to the mobility.
In summary, we investigated the feasibility of detecting
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ultrasound with a graphene resonator. We introduced a
purely mechanical actuation scheme to measure the ul-
trasound vibration amplitude of the electrical contacts of
the graphene. This new actuation scheme is also appli-
cable to other two-dimensional resonators and even pro-
vides a method for actuating nonconductive resonators.
Using the presented devices, we are able to sense the ul-
trasound vibration amplitude of the electrical contacts up
to at least 100 MHz with a resolution of ≈ 7 pm/√Hz.
Alternatively, we can use the mechanical nonlinearity
γeff = 14.800 ± 2.300 MHz2/nm2 of the graphene res-
onator to detect ultrasound by measuring the resonance
frequency. Due to the nonlinearity, we can detect ultra-
sound via resonance frequency monitoring with a reso-
lution of 25 pm. We showed that graphene resonators
can directly pick-up ultrasound at frequencies inacces-
sible for near field probes. Thus, this work presents a
first step to ultrasound detection at the nanoscale using
graphene. Although the best sensitivity we have shown
in this work (60 pm/nA) is inferior to the sensitivity of an
STM (10 pm/nA)45, there is room for further improve-
ment in sample quality. For example, if the carrier mobil-
ity is improved by a factor of 10 (which is plausible when
encapsulating graphene in hBN46,47), our scheme could
fully compete with STM. When integrating a graphene-
based resonator device on the back of an AFM cantilever
this would open the door high-sensitive ultrasound de-
tection at the nanoscale on arbitrary substrates and sur-
faces.
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9Supplementary Discussion 1: Additional samples
In addition to the device D1 shown in the main manuscript, we fabricated four more devices (D2-D5). Three
of these devices (D2-D4) consist of a suspended single layer graphene membrane and one (D5) of a suspended
hBN/graphene heterostructure. These devices have a width ranging from 2.9 to 3.1 µm and a length ranging from
1.3 to 1.6 µm. We measured on all these devices the response of the resonator to capacitive actuation and purely
mechanical actuation for frequencies between 1 MHz and 100 MHz (see Figures S4-S7). These measurements were
performed with a higher Vmod and V
AC
g in comparison to the one presented in the main manuscript (see Table S1)
to maximize the down-mixing current I∆ω. Consequently, the background currents obtained on these samples are
higher than the one in Figure 2 of the main manuscript.
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Figure S1. (a) optical, (b) scanning electron microscope, and (c) atomic force microscope image from which we extract the
physical dimensions of the suspended area: 2.2 × 1.6 µm2, as well as the graphene-gate distance: 140 nm. (d) conductance
and (e) transconductance as a function of applied gate voltage allows an estimation of the two-terminal hole mobility of 1.500
cm2/Vs and electron mobility of 1.000 cm2/Vs. (f) typical Raman spectra of the suspended area does not show a defect peak.
(g) the narrow width of 2D-mode shows the good quality of the resonator. (h) the extracted pre-strain  is on average 0.24%.
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Figure S2. (a) Electric circuit used to determine the resonance frequencies of the piezoelectric element1. The applied voltage
Vi is set to 1 V. We measured the voltage Vp over a low Ohmic resistance of Rp = 4.7 Ω, to determine the admittance Y (ω) as a
function of the excitation frequency. The piezoelectric element is modeled as a capacitance Cp in parallel to a RCL-circuit. Each
mechanical resonance frequency of the piezoelectric elements is described by a corresponding RCL-circuit. (b) The measured
transfer function V0/Vi of the piezoelectric element as a function of frequency. Each mechanical resonance is observed as a dip
and peak in the otherwise linearly increasing transfer function V0/Vi. The natural resonance frequencies fxy of the piezoelectric
element can be calculated with fxy = Nxyn/L, in which Nxy is the frequency constant of the of a specific mode, L is the physical
length of the piezoelectric element in direction of the motion, and n = 1, 2, 3... is the mode number2. The blue dashed line
marks the lowest order resonance of the longitudinal mode at around 130 kHz and the red dashed line indicates the transversal
mode at 4.5MHz, which is relevant for the mechanical excitation of the resonator.
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Figure S3. (a) Unprocessed mechanical down-mixing current Imec∆ω as a function of actuation frequency f = ω/2pi and applied
gate potential Vg (see Figure 2(a) of the main manuscript). (b) I
mec
∆ω after subtraction of the first mechanical resonance frequency
of the graphene by using the fit results in Figure 4 of the main manuscript. The subtraction shows that a substantial background
current remains. (c) In a second approach, we extract a line trace (blue) at a fixed frequency from panel (a) and fit the peaks
with a Lorentzian curve (red). Both approaches allows the unambiguous determination of the background current, i.e. the
Imec∆ω not originating from the mechanical resonance of the graphene resonator. Panel (d) shows the background current for
different frequencies obtained after subtraction of the first mechanical resonance of the graphene and (e) depicts the background
current using the method outlined in panel (c). The unprocessed Imec∆ω at 66 and 84 MHz have been added for comparison (see
Figure 2(d) of the main manuscript). The great similarity between panels (d) and (e) show that the functional form of I∆ω
remains the same over the full measured frequency range, even when crossing a mechanical resonance of the graphene.
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Figure S4. Device D2: single layer graphene membrane. Unprocessed down-mixing current I∆ω as a function of actuation
frequency and applied gate potential Vg in case of (a) the standard capacitive actuation I
cap
∆ω and (b) the purely mechanical
actuation scheme Imec∆ω . The maps in (c) and (d) show a zoom in of I∆ω for the capacitive and purely mechanical actuation
to highlight the resonance frequencies. These panels illustrate the tuning with applied gate potential Vg of the resonance
frequencies and to compare the capacitive actuation result with that of the purely mechanical actuation. Panel (e) and (f)
show the conductance G and the transconductance d for the capacitive (blue) and the purely mechanical actuation (red) scheme.
By analyzing I∆ω as a function of Vg far away from the resonance frequency of the graphene resonator, we observe a background
current. Panel (g) shows the background current at 20 and 100 MHz for the capacitive actuation and panel (h) for the purely
mechanical actuation. The black lines in (g) and (h) correspond to the fit of I∆ω with Eq. 1 in the main manuscript.
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Figure S5. Device D3: single layer graphene membrane. Unprocessed down-mixing current I∆ω as a function of actuation
frequency and applied gate potential Vg in case of (a) the standard capacitive actuation I
cap
∆ω and (b) the purely mechanical
actuation scheme Imec∆ω . The maps in (c) and (d) show a zoom in of I∆ω for the capacitive and purely mechanical actuation
to highlight the resonance frequencies. These panels illustrate the tuning with applied gate potential Vg of the resonance
frequencies and to compare the capacitive actuation result with that of the purely mechanical actuation. The black dashed line
serves as a guide to the eye and is the same in both panels. Panel (e) and (f) show the conductance G and the transconductance
d for the capacitive (blue) and the purely mechanical actuation (red) scheme. By analyzing I∆ω as a function of Vg far away
from the resonance frequency of the graphene resonator, we observe a background current. Panel (g) shows the background
current at 20 and 100 MHz for the capacitive actuation and panel (h) for the purely mechanical actuation. The black lines in
(g) and (h) correspond to the fit of I∆ω with Eq. 1 in the main manuscript.
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Figure S6. Device D4: single layer graphene membrane. Unprocessed down-mixing current I∆ω as a function of actuation
frequency and applied gate potential Vg in case of (a) the standard capacitive actuation I
cap
∆ω and (b) the purely mechanical
actuation scheme Imec∆ω . The maps in (c) and (d) show a zoom in of I∆ω for the capacitive and purely mechanical actuation
to highlight the resonance frequencies. These panels illustrate the tuning with applied gate potential Vg of the resonance
frequencies and to compare the capacitive actuation result with that of the purely mechanical actuation. The black dashed line
serves as a guide to the eye and is the same in both panels. Panel (e) and (f) show the conductance G and the transconductance
d for the capacitive (blue) and the purely mechanical actuation (red) scheme. By analyzing I∆ω as a function of Vg far away
from the resonance frequency of the graphene resonator, we observe a background current. Panel (g) shows the background
current at 20 and 100 MHz for the capacitive actuation and panel (h) for the purely mechanical actuation. The black lines in
(g) and (h) correspond to the fit of I∆ω with Eq. 1 in the main manuscript.
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Figure S7. Device D5: graphene/hBN membrane (hBN thickness ≈ 5 nm) after current annealing. Unprocessed down-mixing
current I∆ω as a function of actuation frequency and applied gate potential Vg in case of (a) the standard capacitive actuation
Icap∆ω and (b) the purely mechanical actuation scheme I
mec
∆ω . The maps in (c) and (d) show a zoom in of I∆ω for the capacitive
and purely mechanical actuation to highlight the resonance frequencies. These panels illustrate the tuning with applied gate
potential Vg of the resonance frequencies and to compare the capacitive actuation result with that of the purely mechanical
actuation. The black dashed line serves as a guide to the eye and is the same in both panels. Panel (e) and (f) show the
conductance G and the transconductance d for the capacitive (blue) and the purely mechanical actuation (red) scheme. By
analyzing I∆ω as a function of Vg far away from the resonance frequency of the graphene resonator, we observe a background
current. Panel (g) shows the background current at 20 and 100 MHz for the capacitive actuation and panel (h) for the purely
mechanical actuation. The black lines in (g) and (h) correspond to the fit of I∆ω with Eq. 1 in the main manuscript.
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Frequency Vmod Vg
AC
Vp
AC
Vg
AC
dzc
(MHz) (mV) (mV) (mV) (mV) (pm)
1 cap 66 10 30 0 7 0
84 10 30 0 5 40
mec 66 10 0 300 1 30
84 10 0 300 0.3 65
2 cap 20 25 150 0 23 1800
100 25 150 0 41 2000
mec 20 25 0 1500 0.2 330
100 25 0 1500 5 1000
3 cap 30 25 150 0 8 0
100 25 150 0 12 0
mec 30 25 0 1500 1 20
100 25 0 1500 3 20
4 cap 30 100 150 0 8 20
100 100 150 0 13 35
mec 30 100 0 1500 0 70
100 100 0 1500 1 0
5 cap 30 100 150 0 51 1100
100 100 150 0 86 1300
mec 30 100 0 1500 0.7 85
100 100 0 1500 0 60
Fit
Sample Drive
Set
Table S1. Table containing the fit parameters of the background currents depicted in Figure 2 of the main manuscript and
in Figures S4-S7. The first column specifies the sample and the second one the type of actuation: capacitive (cap) or purely
mechanical (mec). The third column lists the frequencies at which the background currents were recorded. The fourth to sixth
column specify the experimentally set Vmod, V
AC
g , and V
AC
p . The last two columns denote the estimated V
AC
g and δzc. Note
that for all purely mechanical actuation fits, the estimated V ACg is well below 1% of the set V
AC
p , which illustrates the good
electrical isolation of the piezoelectric element from the gate.
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